This study was conducted to determine the nature of intracardiac shunting in 50 patients between the ages of 3 and 15 years with isolated ventricular septal defects. Simultaneous right and left ventricular pressures and biplane cineangiocardiography were utilized to study the timing and the direction of flow across the defect. Patients with low to moderately elevated right ventricular pressures demonstrated left-to-right shunting across the defect throughout the cardiac cycle. When pressure in the right ventricle approximated that of the left, right-to-left shunting occurred across the defect into the left ventricle during isovolumic relaxation. All patients shared in common the following: (1) a predominant left-to-right gradient and shunt across the defect into the bodv of the right ventricle during diastole; and, (2) augmentation of the left-to-right gradient with resultant increase of the shunt into the right ventricle during isovolumic contraction immediately preceding opening of the aortic valve.
IT is now generally accepted that the clinical course and underlying physiological state in patients with isolated ventricular septal defects are primarily determined by the size of the defect and the state of the pulmonary vascular bed. ' pulmonary and systemic circuits are well known, little information is available concerning the intracardiac dynamics in these patients. This investigation was conducted (1) to determine local shunting mechanisms across the defect itself, and (2) to evaluate whether intracardiac shunting occurs in a more complex fashion than is evident from the knowledge of net shunts into the pulmonary and systemic vascular beds.
Methods
The interventricular pressure-flow relationships across the defect in a group of 50 patients between the ages of 3 and 15 years who had an isolated ventricular septal defect were studied. Cardiac catheterization was carried out under light nitrous oxide anesthesia with the patient in the supine position. Systemic and pulmonary blood flows were calculated from blood-oxygen Circulation, Volume XXXV, March 1967 saturation data (Fick principle) 4 and from peripherally recorded dye-dilution curves following injection of indocyanine dye into the right atrium and pulmonary artery.5 Inspired air and blood oxygen content were measured with an Instrumentation Laboratories 113 P02, pCO2, and pH meter. The inspired air was monitored intermittently and the oxygen concentration was maintained between 20.5 and 21.0 volumes per cent. Precordial phonocardiograms were recorded in all patients prior to cardiac catheterization; no intracardiac phonocardiograms were obtained.
The methods were divided into three groups: (a) determination of the simultaneous pressures between the two ventricles and their instantaneous pressure difference throughout the cardiac cycle; (b) evaluation of the direction and timing of flow across the defect by use of biplane cineangiocardiography; and (c) correlation of the timing and direction of the shunt across the defect with the instantaneous pressure difference between the two ventricles.
Pressure Recording and Data Processing Methods (Fig. 1) Simultaneous right and left ventricular lateral pressures were measured with no. 6 or 7 catheters having two lateral pressure taps and the ends sealed. The catheters were matched for equal length, volume, and transmission time. The right ventricular catheter was passed to the heart via the superficial saphenous vein, and the left ventricular catheter, via the femoral artery. The catheter recording systems included Statham P23Gb pressure transducers connected to Sanborn 350-1100 preamplifiers. The static unbalance of both systems was no greater than + 0.1% over the range of 0 to 300 cm of wvater.6 The dynamic B.
C. MAar-h 1967 injections, and the pressure gradient pattern remained similar to its pre-injection state. Because of the possible effects of respiration, all patients were studied during periods of apnea.
Correlation of Flow with Instantaneous Pressure Difference
The correlation of the onset and direction of flow across the defect with the pressure gradient was performed by using the electrocardiogram as the common time base. The recording of the pressure data and the cineangiocardiograms were done in sequence. The selected cine frames were related to the cine spikes, as obtained from the photocell device previously described, and the time relationship to the electrocardiogram was noted ( fig. 2 ). After previously determining the catheter response delay time, this point on the electrocardiogram was in turn related to the reproduced ventricular pressure recordings and their instantaneous pressure difference. Thus, each cine frame could be related in real time to the pressure gradient. It should be emphasized that no attempt was made to quantitate precisely the magnitude of flow across the defect in various portions of the cardiac cycle. The correlation of flow with pressure difference was concerned with the timing of the onset of a pressure gradient favoring either ventricle and the onset of flow across the defect in the direction suggested by such a gradient.
Results
On the basis of the following results, the intracardiac pressure flow dynamics demonstrated a consistent pattern within each of three homogeneous groups of patients: (1) patients in whom the left-to-right shunt comprised between 50% and 70% of total pulmonary blood flow in the presence of normal to moderately elevated right ventricular systolic pressures; (2) patients in whom the left-to-right shunt varied between 40% and 60% of total pulmonary blood flow and the right ventricular systolic pressure was raised to 70 mm Hg or greater but remained 15 to 30 mm Hg less than peak left ventricular pressure; and (3) patients in whom bidirectional shunting was present with 'equal" systolic pressures in both ventricles. fig. 4 B) , producing a transient right-to-left gradient at a These patients formed a homogeneouis grotup with a consistent pressure-flow pattern, despite considerable variation in pulmonary vascular resistance and in the degree of the left-to-right shunting. In six patients, with pulmonary-to-systemic resistance ratios greater than 0.7, the bidirectional shunts were equal, or predominant right-to-left shunting was present. In the remaining nine children, the resistance r-atios were less than 0.6 anid left-to-right shunts comprised 4Cti to 60% of the total pulmonary blood flow.
The typical pressure pattern fouind for this group is illustrated in figure 6 . With the onset Figure 5 Tinminsg of the 1right-to-left shuint across the ventricular defect in patients without sylstemic veno-arterial shutzntirig. The boxed-in area of figure 4 is illustrated at the top. Below are thte timed cine frames related to various pointts of the gradient curve. Althlough the right-to-left shunt occuirs across the defect during isovolumic relaxation, note clearing of the shunted contrast miiaterial front the left ventricle during late diastole due to diastolic left-to-right shunting across the defect. Cine studies indicated a consistent pattern related to the timing and direction of flow across the defect in these patients, despite considerable variation in the magnitude of the bidirectional shunts. Figure 7 demonstrates augmentation of the left-to-right shunt during isovolumic contraction (boxed-in area 1 of figure 6 ), before opening of the aortic valve. With commencement of ventricular ejection, left-to-right shunting continued across the defect and was directed into the outflow tract of the right ventricle. Although analysis of the cine data allowed detection of the onset of shunting across the defect with facility, it was difficult to define the precise time of cessation of left-to-right shunting; however, the cines suggested that shunting into the outflow tract diminished or stopped during the latter part of systole, at a time when right ventricular pressure exceeded that of the left. As the cycle continued into isovolumic relaxation (boxed-in area 2 of figure 6), the more rapid fall in left ventricular pressure accentuated the right-to-left gradient and was associated with right-to-left shunting into the left ventricle ( figure 8 ). This blood seemed to mix in the upper portion of the left ventricle, remained there despite diastolic left-to-right shunting, and was ejected from this chamber into the aorta with the subsequent beat.
The precise timing of flow directly from the right ventricle into the aorta also proved difficult with the cine method following right ventricular and right atrial injections. This was due in large part to the isovolumic relaxation with right-to-left shunting into the left ventricle, which ejected the contrast media into the aorta; however, in three patients, ejection of blood into the aorta could be seen to occur in the latter part of ventricular ejection at a time when right ventricular pressure exceeded that of the aorta. Additionally, during this late ejection period, when left ventricular pressure was less than that of the aorta and right ventricle, there was no shunting in a rightto-left direction across the defect into the indicates that most of these defects are less than 1 cm2/m2 BSA. In large defects (greater than 1 cm2/m2 BSA), the defect offers es-(irnulaxion, Volumue MXXV. hllarth 1967 sentially no resistacnce to flow,* the pulmonary circulation is suibjected to the prominent ejectile force of both ventricles during most of the period of ventricular ejection, and the magnitude of left-to-right shunting is determined by the level of pLulmonary vascular resistance. These stuidies have indicated that the pattern of flow across the defect itself is also influenced by these parameters with the timing and directioni of intracardiac shunting being primarily related to the systolic pressures of the two ventricles.
Since all patients with ventricular defects demonstrated shunting across the defect during the periods of "isovolumic" contraction and relaxation when all valves are closed, the term "isovolumic" presents a semantic *Although large defects allow equal pressures, an occasional patient may have a systolic gradient of 15 to 20 mm Hg across a large opening. Figure 8 Right-to-left shunt dutring isovoluntic relaxation in patients with "equala ventrictular systolic pressutres. The pressure gradient is reproduced from boxed-in area 2 of figure 6 with the related cine frames showing the right-to-left shunt dur-ing isovolumic relaxation. Note that nmuich of thle shuinted blood remained in the left ventricle throtughout the succeeding period of diastole. This blood was ejected into the aorta with the following beat. These films were obtainedl following injection of contrast medlia into the right ventricle. fig. 9 A) . This can be accounted for by the maintenance of a significant left-to-right pressure gradient throughout the period of ventricular ejection.
Defects with "Equal" Ventricular Pressures
In patients with large ventricular septal defects and "equal" systolic pressures, the timing and direction of the pressure-flow relationships were consistent. This is of interest since knowledge of the timing and direction of flow across the defect itself did not allow separation of the patients with hyperkinetic pulmonary hypertension from those with predominant right-to-left shunting. Work in progress in our laboratory utilizing simultaneously recorded left ventricular pressure data with biplane cineangiocardiograms of the left heart allows construction of the continuous "pressure-volume loop" of the left ventricle throughout the cardiac cycle. Our initial data suggest that although the timing and direction of flow across the defect remained consistent for these patients with "equaF' ventricular systolic pressures, during ventricular ejection the magnitude of left-toright flow across the defect is large in patients with hyperkinetic pulmonary hypertension and small in those who have predominant right-to-left shunting.
These patients demonstrated many similarities in the intracardiac pressure-flow dynamics to those in patients with tetralogy of Fallot,8 in whom the resistance to flow into the lungs is located primarily in the outflow tract of the right ventricle. The major difference found was that in isolated ventricular septal defect a significant left-to-right shunt occurred across the defect during early ventricular ejection, whereas in tetralogy of Fallot such shunting is minimal to absent as both ventricles eject blood into the aorta.
Phonocardiographic studies showed considerable variation in the character of the systolic murmur in this group of patients. Those with hyperkinetic pulmonary hypertension and predominant left-to-right shunting showed a decrescendo murmur which disappeared or was fig. 9 B) ; in those with high pulmonary resistance and predominant right-toleft shunting, the murmur was minimal to absent ( fig. 9 C) . The low intensity murmurs in the latter group could be generated by the flow across the defect but are more likely to be of the pulmonary ejection type as is commonly seen in patients with pulmonary hypertension. 9 As studies of this type are extended, one would expect documentation of some overlap of the patterns found since a select population was studied, that is, children with ventricular septal defects. However 
